Although adenine-requiring auxcotrophs of Bacillus subtilis accumulate large quantities of inosine or hypoxanthine, or of both, they do not accumulate inosine-5'-monophosphate (IMP). Experiments directed at understanding this phenomenon were conducted with an adenineless auxotroph and with a mutant derived from it which lacked alkaline phosphohydrolase. It was found that B. subtilis contains four different phosphohydrolases. Only one is an extracellular enzyme; it is a 5'-nucleotide phosphohydrolase which can be inhibited by addition of CuS04 to the medium. Of the three cellular enzymes, only one, an acid phosphohydrolase, cannot attack 5'-nucleotides; this enzyme is not repressed by inorganic phosphate. One of the two remaining surface-bound enzymes is a nonspecific alkaline phosphohydrolase which attacks both 5'-nucleotides and p-nitrophenyl phosphate; this is the only phosphohydrolase that is markedly repressed by inorganic phosphate. The other surface-bound enzyme is a nonrepressible 5'-nucleotide phosphohydrolase with double pH optima: one at neutrality and the other near pH 9.0. The experiments indicate that the absence of IMP in the extracellular broth is due to degradation of internally accumulated IMP to inosine by the cellular 5'-nucleotide phosphohydrolase.
The occurrence of 5'-nucleotides in Bacillus subtilis broths is the result of the breakdown of excreted ribonucleic acid (RNA; 6). However, when de novo purine nucleotide synthesis is blocked by mutation, the products are nucleosides and free bases (1) . Although we and others (8, 9, 20, 23) have shown that Corynebacterium glutamicum mutants excrete intact 5'-nucleotides, all other microorganisms reported thus far excrete breakdown products. Purine auxotrophs of B. subtilis are of special interest because of the massive accumulations of purine intermediates generally observed with this species. Since the nucleosides and bases are obviously enzymatically derived from intracellular purine riboside-5'-monophosphates, the phosphohydrolases of B. subtilis mutants were studied in an attempt to determine which enzyme is responsible for the breakdown. At least four phosphohydrolases were found. Even when the extracellular 5'-nucleotide phosphohydrolase and the cellular nonspecific alkaline phosphohydrolase are controlled by inhibition, mutation, or repression, or a combination of these, 5'-nucleotide breakdown still occurs as a result of the action of a nonrepressible, cellular 5'-nucleotide phosphohydrolase.
MATERIALS AND METHODS
Media. Cultures were maintained on slants of Antibiotic Medium No. 1 (Difco) and were stored in the cold. The medium for preparation of inoculum was that previously described (10) , modified by the addition of 0.01% (w/v) adenine. The basal medium for production was composed of the following components, in amounts per liter: carbon source, 80.0 g; sodium citrate-2H20, 11.7 g; "vitamin-free" enzymehydrolyzed casein, 50 ml of 10% (w/v) solution (General Biochemicals, Chagrin Falls, Ohio); adenine, 0.2 g; thiamine, 0.001 g; (NH4)2HP04, 19.8 g; KCI, 1.5 g; MgSO4 7H20, 0.5 g; CaCl2.2H20, 0.15 g; MnSO4.4H20, 0.015 g. The medium was used at 20 ml per 250-ml Erlenmeyer flask. Suitable carbon sources were glucose, maltose, glycerol, and mannitol. When glucose or maltose was used for production, it was autoclaved separately and was added after autoclaving of the rest of the medium. Thiamine was included in the production medium to reverse toxicity of adenine. In all media, deionized, charcoal-treated water was used.
To determine whether inorganic phosphate represses the cellular phosphohydrolases, a medium was required in which the phosphate concentration could be easily controlled. The basal semidefined medium was unsatisfactory, since good growth still occurred when the ammonium phosphate was completely replaced with ammonium sulfate, owing to the 66 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from presence of phosphate in the enzyme-hydrolyzed casein. We thus resorted to the use of a mixture of amino acids (0.5%, w/v) as a substitute for casein hydrolysate. This change in the phosphate-containing basal medium allowed good growth and accumulation of inosine and hypoxanthine. Removal of ammonium phosphate markedly inhibited growth and accumulation. Addition of 0.15 M K2HPO4 supported 50% of maximal growth but little excretion. Further supplementation with increasing levels of (NH4)2SO4 showed that a concentration of 0.38 M was optimal for both growth and production of inosine and hypoxanthine in this chemically defined medium. Although a small amount of growth occurred in the total absence of added phosphate, this was eliminated by centrifuging the inoculum and suspending the cells in the chemically defined medium without phosphate. Water could not be used as suspending fluid (5) .
After this treatment of the inoculum, growth was completely dependent upon the addition of inorganic phosphate. The chemically defined medium thus devised was the same as the basal production medium with the following modifications: substitution of 0.5% amino acid mixture for "vitamin-free" enzymehydrolyzed casein and 0.38 M (NH4)2SO4 for the (NH4)2HP04. The K2HPO4 concentrations used were 0.0015 M for derepression and 0.15 M for repression.
Amino acid mixture. A mixture of L-amino acids was made up in 25-g lots and stored as a dry mix. It contained 5.4 g of glutamic acid, 2.2 g of proline, 2.0 g of valine, 1.7 g of tyrosine, 1.6 g of lysine-HCl, 1.5 g of serine, 1.5 g of aspartic acid, 1.2 g of leucine, 1.2 g of isoleucine, 1.0 g of asparagine, 1.0 g of glutamine, 1.0 g of threonine, 975 mg of phenylalanine, 950 mg of arginine-HCl, 825 mg of methionine, 625 mg of histidine-HCl-H20, 475 mg of alanine, 300 mg of tryptophan, 125 mg of glycine, 100 mg of cystine, and 50 mg of hydroxyproline.
Fermentation conditions. Growth from slants was transferred to tubes of the inoculum medium which contained glucose, casein hydrolysate, adenine, and mineral salts. These tubes were incubated for 24 hr (unless otherwise noted) on a rotary shaker (220 rev/min, 2-inch thrust) at 37 C. Production flasks were inoculated with 0.1 ml of inoculum and were incubated for 5 to 7 days on a shaker at 28 C.
Assays ofextracellular materials. Paper chromatography and determinations of guanine-containing compounds ("total guanines") and ultraviolet (UV)-absorbing compounds (250 m,u) were done as previously described (8) . Purine-containing compounds ("total purines") were estimated by a tube dilution assay identical to that used for "total guanines," except that purineless B. subtilis MB-1875 was the assay organism. This auxotroph responds equivalently on a molar basis to guanine, adenine, hypoxanthine, their ribonucleosides, and their ribonucleotides. Only xanthine is used less efficiently, and xanthosine is not used at all. For assays of both "total guanines" and "total purines," disodium guanosine-5'-monophosphate (GMP) dihydrate was used as standard. Determinations of inosine-5'-monophosphate (IMP), inosine, and hypoxanthine were carried out by enzymatic methods suggested by Kalckar (14) as modified in this laboratory by R. Burg.
Activity of extracellular nucleotide phosphohydrolase was estimated by a semiquantitative paper chromatographic method (7) . GMP was used as substrate since the presence of inosine and hypoxanthine in the fermentation broth would have complicated the assay if IMP had been used.
Treatments of cells. Growth was determined as previously described (8) . Intact cells were harvested from whole broth by centrifugation and were washed twice with a volume of cold water equal to that of the original broth. If cells were not to be used immediately, they were frozen at this stage. Resuspension of the washed cells in water was accomplished with onetenth the original volume. For sonic treatment, this concentrated cell suspension was disrupted in a Raytheon 10-kc sonic oscillator. In most experiments, the sonically disintegrated suspension was used for enzyme assay. Occasionally, a cell-free extract was used; this refers to the supernatant fluid obtained after centrifugation of the sonically disintegrated suspension. For toluene treatment, 0.1 ml of toluene was added per ml of concentrated cells, and the suspension was incubated on a shaking machine for 30 min at 37 C. The various preparations were diluted before assay so that the final concentration of cell material in the assay mixture was generally 10% of the original concentration in broth.
Determination oJf cellular phosphohydrolase activities. Hydrolysis of 5'-nucleotides was estimated by determination of liberated inorganic phosphate according to Chen et al. (4) . The assay was done in triplicate tubes containing 600 ,umoles of tris(hydroxymethyl)aminomethane (Tris) buffer at pH 8.0, 12 ,umoles of IMP, enzyme preparation, and water, in a total volume of 1.5 ml. To one of the three tubes, which served as a blank, 1.5 ml of the ammonium molybdate-ascorbic acid-sulfuric acid solution [reagent C of Chen et al. (4) ] was added at zero-time. The three tubes were incubated in a water bath at 28 C for 2 hr. Reagent C (1.5 ml) was added to the two experimental tubes to stop the reaction, and all three tubes were incubated for 1.5 hr in a water bath at 37 C. After centrifugation, the absorbancies of the two experimental tubes relative to the blank tube were determined at 770 m,A. 10 ,ug of adenine, 1 ,g of thiamine, and 2 mg of amino acid mixture per ml of medium. After 5 days of incubation at 28 C, plates containing an approximate total of 5,000 colonies were sprayed with NPP in 0.5 M Tris buffer at pH 8.0. All colonies except one turned yellow. The white colony was plated, incubated, and sprayed once more; again, it failed to hydrolyze NPP. This mutant, B. subtilis MB-1868, retained the adenine requirement of its parent.
RESULTS
Identification of excretion products. Growth of the adenine-requiring B. subtilis MB-1839 in a chemically defined medium containg NH4+ as the main nitrogen source resulted in the excretion of UV-absorbing compounds. Although excretion was substantial in such a medium, the addition of an enzymatic digest of casein resulted in a much greater accumulation; in some cases, the absorbancy of centrifuged broth at 250 m,u reached as high as 400. An analysis of such a broth is shown in Table 1 . Assay with a purineless B. subtilis mutant indicated that the major part of the absorbancy was due to purine-containing compounds. Paper chromatography showed these to be inosine and hypoxanthine. Enzymatic assay revealed that two-thirds of the 22 ,moles of purines produced per ml was inosine and the remainder was hypoxanthine; no 5'-inosinic acid (IMP) was accumulated. Thus, approximately 4 g of inosine and 1 g of hypoxanthine were produced per liter of broth. Excretion of hypoxanthine-containing compounds was consistent with the strict nutritional dependence on adenine compounds; both phenomena indicate that the mutational lesion had affected adenylosuccinate synthetase. containing compounds by specific adenine mutants has been observed by others, and is thought to result from inhibition and repression of the first enzyme of the GMP branch (IMP dehydrogenase) by GMP.
Conditions affecting accumulation. To study the effect of the environment on accumulation of hypoxanthine and inosine, the absorbancy of centrifuged broth at 250 m,u was followed. Each broth was also examined by paper chromatography to determine whether any environmental modification resulted in accumulation of IMP.
The concentration of excreted inosine and hypoxanthine was not markedly affected by the temperature used for inoculum development over the range of 19 to 37 C. However, the temperature of incubation of the production medium greatly influenced the degree of excretion; incubation at 28 C led to greater excretion than at 37 or 19 C. Variation of the initial pH of the medium (prior to autoclaving) revealed that, although neutrality was best for cell yield, maximal excretion occurred over a broad range of initial pH values from 6 to 9. However, flasks with degradation by cellular enzymes. Inhibition by the medium was further indicated by the observation that sonic-treated whole broth failed to hydrolyze GMP, whereas sonic-treated washed cells were active. The most active inhibitory substance in the medium was found to be inorganic phosphate; it protected both GMP and NPP from hydrolysis by washed ceHls.
The fact that 5'-nucleotides added to CuS04-containing fermentation medium are stable does not mean that cell-bound enzymes are not responsible for the internal degradation of IMP to inosine. First, the phosphate concentration inside the cell might not be as high as that of the medium. Second, if the enzymes are located near the cell envelope andcan act both internally and externally, the enzyme concentration could be much higher in the intracellular environment than it is in the extracellular environment. To determine whether an increase in enzyme concentration could result in 5'-nucleotide hydrolysis in the presence of normally inhibitory concentrations of inorganic phosphate and Cu++ in the medium, whole broth was enriched with washed cells. Under these conditions, added GMP was degraded.
Preliminary studies with certain inhibitors confirmed our hypothesis that more than one phosphohydrolase was present in the cells. For example, 10-2 M CuSO4 partially inhibited breakdown of GMP by sonically disintegrated cells while stimulating hydrolysis of NPP. Similarly, whereas Cr2(SO4)3 at concentrations of 10-s M to 3 X 10-3 M was an excellent inhibitor of GMP hydrolysis, it stimulated breakdown of NPP; at 10-2 M, hydrolysis of both substrates was inhibited.
IMP hydrolysis by disrupted cells and extracts. Quantitative studies on IMP hydrolysis were done by following the liberation of inorganic phosphate as described under Materials and Methods. When intact cells were compared with toluene-treated or sonically disrupted cells, no increase in total activity was noted with disruption indicating a surface location of the enzymatic activity. We preferred to use sonically disrupted cells or extracts for further work, since use of intact cells occasionally resulted in poorly reproducible assays of inorganic phosphate. Treatment for 10 min was satisfactory for elimination of this problem.
Release of phosphate from IMP was most rapid between pH 8.0 and 9.0. When compared at pH 8.5, IMP and GMP were hydrolyzed at identical rates. In the assay system used, there was a linear hydrolysis of IMP for at least 3.5 hr; during this period, 12.5% of the nucleotide had been degraded. The physiological significance of the cellular enzymatic activity was indicated by a study of enzyme synthesis during growth. After 1 day (Table 3) , when almost 50% of maximal growth had occurred, there had been no significant excretion of inosine and hypoxanthine or enzyme production. However, by the second day, a large amount of enzyme had been produced concomitant with liberation of inosine and hypoxanthine. As growth proceeded, the enzyme concentration of the cells remained fairly constant.
A large number of compounds was tested for inhibition of HgCl2, Na2(HAsO4, (NH4) 6Mo7024, Na2WO4, BeSO4, CdSO4, and ethylenediaminetetraacetate (EDTA). ZnCl2 and COSO4 stimulated enzyme action. None of the active inhibitors allowed IMP excretion by growing cells when added to fermentations. This could have been due to inability to attain sufficiently high intracellular concentrations when added to the medium at levels which were nontoxic to the cells.
pH-activity curves ofcellular enzymes. As stated above, the hydrolysis of IMP by sonically disrupted cells proceeded most rapidly at pH 8 to 9. However, repeated determinations of pH-activity relationships consistently revealed a shoulder between pH 6 and 7 (Fig. 1) activity occurred near pH 4, the lowest pH tested, whereas a tiny but reproducible peak also was observed between pH 9 and 10. Although this very minor peak could be easily missed, the reason for its low activity is its extreme susceptibility to repression by inorganic phosphate (see below). These results suggested the presence of at least three cellular enzymes: (i) an acid phosphohydrolase capable of hydrolyzing NPP but not 5'-nucleotides; (ii) an alkaline phosphohydrolase active on NPP and possibly on 5'-nucleotides; (iii) a 5'-nucleotide phosphohydrolase with pH optima at neutrality and nearpH 9.
Although the acid phosphohydrolase showed maximal activity near pH 4, the decrease in activity as the pH was raised was not sharp, and it apparently was still active at pH 8. To confirm its inability to hydrolyze IMP at low pH, sonically disrupted cells were added at three times their normal concentration to tubes containing IMP, and the reaction was allowed to proceed for 19 hr instead of the usual 2 hr. Even after this prolonged time period, no hydrolysis of IMP occurred.
Repression studies. Various levels of phosphate were added to the chemically defined medium. The results in Table 4 show that the lowest level of K2HPO4 which supports growth of B. subtilis MB-1839 and accumulation is 0.0015 M; this was chosen as the low phosphate concentration.
B. subtilis MB-1839 was grown in the chemically defined medium with the low concentration and the normal (0.15 M) concentration of K2HPO4. The cells were sonically disrupted and were tested for hydrolysis of IMP and NPP at various pH values. As shown in Table 5 , formation of acid phosphohydrolase activity was not repressed by inorganic phosphate. On the other hand, enzymatic activity on IMP and NPP at pH Although it was obvious that the acid phosphohydrolase activity on NPP was not repressed by phosphate and that the alkaline phosphohydrolase activity on NPP was repressed, it was not clear whether the increased activity on IMP was due solely to derepression of the nonspecific alkaline phosphohydrolase or partly to derepression of the postulated 5'-nucleotide phosphohydrolase. However, data from these repression studies shown in Fig. 2 only the nonspecific alkaline phosphohydrolase was derepressed by growth in low phosphate: (i) the hydrolytic activity of normal cells on IMP was greater than their activity on NPP, yet "low phosphate" ceUs showed the opposite behavior; (ii) the pH-activity curve of derepressed cells on IMP did not show the "double optima" characteristic of repressed cells.
To establish further the presence of the nonrepressible cellular phosphohydrolase specific for 5'-nucleotides, the alkaline phosphohydrolasedeficient mutant, B. subtilis MB-1868 was grown with the normal concentration of K2HPO4 (1.5 X 101 M) and with the derepressing level (1.5 X 10-3 M). Sonically disrupted cells grown with normal phosphate showed the "double optima" for IMP hydrolysis (Fig. 3) . Activity on NPP was greatest at low pH, and there was no visible peak near pH 9.0. Thus, the alkaline phosphohydrolase-deficient mutant produced acid phosphohydrolase as well as cellular 5'-nucleotide phosphohydrolase. When sonically disrupted "low phosphate" cells were examined, the pH-activity curves were similar to those in Fig. 3 . This proved that, in B. subtilis, the cellular 5'-nucleotide phosphohydrolase is nonrepressible by phosphate, and that it is distinct from the repressible alkaline phosphohydrolase, which can hydrolyze both NPP and nucleotides. Thus, of the three cellular phosphohydrolases in the parent strain, only the nonspecific alkaline phosphohydrolase is repressible by inorganic phosphate. In cells grown in normal phosphate concentrations, the activity of this enzyme is hardly noticeable; in cells grown in low phosphate, its activity is so great that the activities of the other two cellular phosphohydrolases (on either IMP or NPP) are completely masked.
DIscussIoN
This study of B. subtilis phosphohydrolases has revealed at least four enzymes: an extracellular 5'-nucleotide phosphohydrolase, two cellular phosphohydrolases (acid and alkaline), and a cellular 5'-nucleotide phosphohydrolase. The present work is not meant to be a definitive study of B. subtilis phosphohydrolases. Further characterization of these enzymes by methods such as chromatography, substrate and inhibitor kinetics, and electrophoresis are needed. However, the present results do tell us something about the type of enzyme responsible for the breakdown of IMP.
The cell-bound acid phosphohydrolase is similar to that found in E. coli (25) ; it is not repressible by inorganic phosphate and does not hydrolyze 5'-nucleotides. Because of the latter property, it cannot be involved in the cellular hydrolysis of IMP to inosine. Nonrepressibility by inorganic phosphate may be a general property of bacterial acid phosphohydrolases (15, 21) .
Production of the cellular nonspecific alkaline phosphohydrolase was markedly repressed by inorganic phosphate. Derepression by growth in a low phosphate concentration led to the production of almost 1,000 times as much activity as found after growth at a high phosphate concentration. As with E. coli (15) , some strains of B. subtilis are subject to phosphate repression (Anagnostopoulous, Federation Proc. 19:48, 1960 ), but others are not (21, 22) . Like the repressible alkaline phosphohydrolase of E. coli (13, 25) , the enzyme in B. subtilis is inhibited by inorganic phosphate, is active on both NPP and 5'-nucleotides, and, in view of its complete availability in intact cells to external substrates, appears to be located at the surface of the cell. In E. coli, the enzyme occurs between the cell wall and cell membrane (19, 24) . In the strain of B. subtilis studied by Cashel and Freese (2), 93 % of the enzyme formed under conditions of derepression was excreted into the medium. No mention was made by these authors of the distribution of enzyme produced in the presence of higher levels of phosphate. In the present study, the small amount of enzyme produced under conditions of repression was only found in the cells. Although the activity in the cells increased almost 1,000-fold when grown in low phosphate, we did not determine what amount of enzyme, if any, had been excreted.
The present work indicates that, under normal conditions of growth, the cellular 5'-nucleotide phosphohydrolase is responsible for degradation of intracellular IMP to inosine. Although its pHactivity curve shows two pH optima, we have referred to the cellular 5'-nucleotide phosphohydrolase as a single enzyme; whether one or two enzymes are involved will require further work. The purified 5'-nucleotide phosphohydrolases of calf intestinal mucosa (3) and of bull seminal plasma (16) also have double pH optima. Like the B. subtilis enzyme, they are stimulated by Co+ . However, the mammalian enzymes are inhibited by Zn, which stimulates the enzyme in B. subtilis. Furthermore, they are activated by Mn++ and Ca+, which inhibit the bacterial enzyme. A similar enzyme in E. coli (24) is activated by Co++ and Ca, and has a pH optimum of 5.8; no mention was made of more than one pH optimum.
Our conclusion that the cellular 5'-nucleotide phosphohydrolase is responsible for hydrolysis of internally accumulated IMP to inosine is in agreement with data published by Fujimoto et al. (11, 12) after the present work was completed. Mutants obtained by these workers from an adenine auxotroph of B. subtilis differed from their parent in that they had only a weak ability to degrade IMP at pH 7.0. This decreased enzyme activity applied both to the cells and to their culture fluids. Those mutants with the lowest amount of enzyme activity were the poorest accumulators of extracellular inosine. Although no mention was made of the nonspecific cellular alkaline phosphohydrolase activity of these cells, it was probably effectively repressed because of the high phosphate content of the medium. Under such conditions, the genetic deficiency of cellular 5'-nucleotide phosphohydrolase would be expected to limit breakdown of intracellular IMP. The poor extracellular accumulation of inosine by these strains could be the result of intracellular accumulation of IMP, which may depress de novo purine synthesis by feedback inhibition or repression or, both. Although some IMP was excreted by the mutants, the concentration was small and the authors (12) suggested that it may have been derived indirectly from ribonucleic acid.
The existence in B. subtilis of a cellular phosphohydrolase specific for 5'-nucleotides in addition to the nonspecific alkaline phosphohydrolase is also indicated by the work of Momose et al. (22) . These workers noted that cells grown in high phosphate, which show no activity on NPP, retain a residual amount of IMP hydrolytic activity. Here, again, mutants with extremely low levels of cellular alkaline phosphohydrolase and cellular 5'-nucleotide phosphohydrolase activities were extremely poor excreters of IMP-breakdown products, in contrast to their ancestral strains with normal contents of phosphate-liberating enzymes.
